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Scattering at transplanckian energies offers model independent tests of TeV scale gravity. 
Black-hole production is one spectacular signal, though a full calculation of the cross section 
is not yet available. Another signal is given by gravitational elastic scattering, which is maybe 
less spectacular but which can be nicely computed in the forward region using the eikonal 
approximation. In this talk I discuss the distinctive signatures of eikonalized scattering at 
future accelerators. 



The hierarchy Gn/Gf ~ 10 33 between the Newton and Fermi constants is a fact of Nature. 
This fact is considered by particle theorists to be a problem. This is because in the Standard 

— 1/2 

Model (SM) the Fermi scale G F ~ 300 GeV is determined by the vacuum expectation value 
(VEV) of a scalar field, which is in turn determined by its mass parameter. Scalar masses are 
known to be very sensitive to ultraviolet (UV) quantum corrections. In a theory where the 
fundamental UV scale is M P ~ G N 1/2 ~ 10 19 GeV one would also expect a scalar mass of the 
same order of magnitude and consequently no hierarchy between Gjy and Gp- 

Until a few years ago all the efforts to explain the ratio Gn/Gf ~ 10 -33 focussed on the 
denominator: trying to explain why the Higgs mass is as small as it is. In technicolor models the 
Higgs is naturally so light because it is a composite particle at energies above the weak scale. In 
supersymmetric models, on the other hand, the Higgs can be elementary up to the Planck scale, 
as the boson-fermion symmetry protects its mass. Arkani-Hamed, Dimopoulos and Dvali (ADD^I 
have instead suggested that one could formulate (and maybe solve) the problem by focussing 
on the numerator Gn- They have proposed a scenario where the fundamental quantum gravity 
scale is of the order of the Fermi scale. In order to account for the observed weakness of gravity 
they assume that there exists a number n of new compact spacelike dimensions. The relation 
between the microscopic Newton constant Gr>, valid in the 4+n dimensional theory, and the 
macroscopic Gn, describing gravity at distances larger than the compactification radius R, is 

o„ = %. (1) 

Then for Gf> ~ (lTeV) _2_n , the right value of Gm is reproduced for rather large compactifica- 
tion radii ranging from R ~ 1 fm for n = 6 to R ~ 1 mm for n = 2. Such large values of R are not 
in contradiction with present gravity experiments, as Newton's law as been tested only down to 
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distances just below a mm. On the other hand, gravity excluded, all the observed particles and 
interactions are very well described by a 3+1 dimensional quantum field theory, the Standard 
Model, down to length scales smaller than the Z boson Compton wavelength Xz ~ 10~ 3 fm. In 
order to account for this fact, ADD assume that the SM degrees of freedom are localized on a 
defect extending over the 3 ordinary non-compact directions in space, a 3-brane. The possibility 
to localize particles on defects, or submanifolds, was remarked a while back in field theory! and 
is also naturally realized in string theory by Dirichlet-branesH. A possible string realization of 
the ADD proposal was first given in ref. i. Therefore as long as the size of the brane is some- 
what smaller than the weak scale, SM particles behave as ordinary 3+1 dimensional degrees of 
freedom up to the energies explored so far. 

As it stands, the ADD proposal is not yet a solution of the hierarchy problem, but a "new 
guise of the problem's. Instead of the small Higgs VEV of the old guise, we now need to explain 
the very large value of the compactification volume 

V n M% = R n M^ ~ 10 33 (2) 

where Mf^~ n = 1/Gd is the fundamental gravity scale. As we are dealing with gravity, R is a 
dynamical degree of freedom, a scalar from the point of view of 4 dimensions. Since we want 
(R) much bigger than its natural scale 1/Md, the scalar potential V(R) will have to be much 
natter than naively expected at large values of R. As far as we understand, the most natural 
way to achieve such flat potentials is by invoking super symmetry. So, if the ADD scenario 
is realized in Nature it is likely to be so together with supersymmetry at some stage. Notice 
that in the conventional guise of the hierarchy problem supersymmetry is invoked to ensure a 
flat potential (small mass) at small values of the Higgs field. Indeed we have mapped a small 
VEV problem into an essentially equivalent large VEV problem. But notice that in the new 
scenario the hierarchy problem has become a sort of cosmological constant problem. Indeed a 
vacuum energy density A 4+n would add to the radius potential a term ~ A 4+n R n . This grows 
very fast at large R so we expect! that A 4+n should be much smaller than its natural value 
(TeV) 4+n . At this point one may caustically remark that we succeded in associating a problem 
for which we had some solutions (technicolor, supersymmetry) to a problem for which we have 
no convincing one. But this would probably be unfair, since bulk supersymmetry does indeed 
help in explaining the radius hierarchy, while it is seems unfortunately useless to explain the 
smallness of the 4d cosmological constant. Moreover, one may optimistically remark that in the 
ADD scenario experiments, rather than theory, will shed light on all the mistery of quantum 
gravity, including possibly the cosmological constant problem(s). This is undoubtedly the reason 
why the ADD proposal is considered so interesting by particle physicists. 

There are two classes of laboratory tests of this scenario. The first is given by the search 
for deviations from Newton's law at short but macroscopic distances. This is done in table top 
experiments. These deviations could be determined by the light moduli, like the radius it! I, or 
by the lowest Kaluza-Klein (KK) J=2 modes. At present no deviation as been seen down to a 
length ~ 200 //m@. The second class of tests is given by high energy collisions!. In this case we 
deal with either gravitons at virtuality Q 3> 1/R or with real gravitons measured with too poor 
an energy resolution to distinguish individual KK levels (around mass m the level separation is 
Am ~ l/(R n m n ~ 1 ). Therefore we can take the limit R — > oo and work as if our brane were 
embedded in (4+n)-dimensional Minkowski space. Gravity couples with a strength (E / Md) h+2 , 
so we can distinguish three energy regimes. At E -C we are in the cisplanckian regime. 
Here gravity is weak, and the signals involve the emission of a few graviton quanta, which escape 
undetected into the extra dimensions. Interesting examples are e + e~ — > 7 + graviton = 7+ E 
or pp — > jet+ E or even the invisible decay of the Higgs into just one graviton a. Processes 
with real graviton emission can be predicted in a model independent way in terms of just one 
parameter Mp (only in the case of Higgs decay another parameter enters). On the other hand 



virtual graviton exchange is dominated already at tree level by uncalculable UV effects. These 
amplitudes are therefore associated to a new class of contact interactions whose coefficients 
depend on the details of the fundamental theory of quantum gravity. The second regime is the 
planckian one where E ~ Md, which would give experimental access to the theory of quantum 
gravity. The signals are here highly model dependent, meaning that this is the regime where 
the most relevant experimental information will be extracted. If string theorv is at the core, 
then one characteristic signal is given by the observation of Regge excitations a. Finally there 
is the transplanckian regime E S> Mp, which is the subject of this talk. Though very naively 
one would expect things to be completely out of control, in the transplanckian regime gravity 
becomes rather simple: it is basically described by classical general relativity. As such, the 
transplanckian regime, like the cisplanckian, can offer model independent tests of the large 
extra dimension scenario. 

To better understand the transplanckian regime it is useful to do some dimensional analysis 
working in units where c = 1 but keeping % 7^ 1. Using Gp> {{[Gd] = length n+1 i?~ 1 ) and the 
center of mass (cm.) energy y/s we have 

M£+ 2 = h n+1 /G D , X n P +2 = hG D , \ B = h/y/s~ (3) 

where the Planck length Ap represents the length below which quantum gravity fluctuations of 
the geometry are important, while Ad is the de Broglie wavelength of the scattering quanta in 
the cm.. Combining Gd and y/s, we can form the Schwarzschild radius of a system with cm. 
energy y'sliy 
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This is the length at which curvature effects become significant. In the limit 7i — ^ 0, with 
Gd and y/s fixed, Md vanishes, showing that classical physics correspond to transplanckian 
(macroscopically large) energies. Moreover, in the same limit, Rs remains finite, while the two 
length scales Ap and Ap go to zero. Therefore, the transplanckian regime corresponds to a 
classical limit in which the length scale Rs characterizes the dynamics, 

y/s > Md =>• Rs > Ap > Ap. (5) 

We can see this more explicitly by considering the classical scattering angle for a collision with 
impact parameter b. By simple dimensional arguments it is 9 ~ Gr)y/s/b n+1 = (Rs/b) n+1 . 
This shows that by increasing y/s we can obtain a finite 9 by going to large b, where short dis- 
tance quantum gravity effects are suppressed. More precisely, in order to describe the collision 
classically, two conditions must be met: i) b 3> Ap in order to suppress quantum gravity fluc- 
tuations; ii) 9L/h = 9by/s/h 3> 10 in order to suppress ordinary quantum mechanical effects 
due to the ondulatory nature of the colliding particles. This second requirement corresponds 
to 6" < Gds/?j = 6". In eq. (||) we have knowingly disregarded b c as it is related to ordinary 
quantum mechanical effects. It corresponds to the critical impact parameter above which the 
classical scattering angle becomes smaller than its quantum indetermination. (The presence of a 
b c in potential scattering is a known property of potentials vanishing faster than 1/r at infinity: 
notice indeed that in our case b c is only defined for n > corresponding to a \/r l+n potential.) 
Now, for y/s 3> Mp we have Ap <C Rs ^ b c , so that there is a range of impact parameters 
where the motion is well described by classical physics. 

This property of gravity should be contrasted to what happens in the case of gauge interac- 
tions mediated by vector bosons. In gravity the role of charge is played by energy, so with just 
one incoming quantum we can have a macroscopic source of gravity if E = fiv 3> Mp. In the 
case of gauge interactions the charge of one fundamental quantum is fi times a number which 



we can conventionally set to 1 by rescaling the gauge field. Then in order to have a macroscopic 
source we need an object like a nucleus or a soliton involving many charged quanta. Consider 
the angle for the scattering between two objects carrying Z units of charge 9 = g 2 h 2 Z 2 / \fsb n+1 , 
where the gauge coupling has dimension [g 2 ] = length™ -1 ^ -1 and Q = HZ is the charge. The 
conditions for classical motion are as before, i) is replaced by b 3> X g = (Tig 2 ) l l n : \ g is the 
typical length scale where a gauge theory in 4+n dimensions becomes strongly coupled. Simoul- 
taneous satisfaction of i) and and ii) implies Z>1, which excludes the scattering of elementary 
quanta. 

The Dhysics of transplanckian collisions was studied in a series of papers more t ha n ten years 
ago0'@'0@. String theory corrections to the classical result were even consideredlll. The basic 
picture is that for impact parameter b ^> Rs, the particles scatter by a small angle 6 ~ (Rs/b) n+1 
while for even larger b > b c the classical angle is so small that ordinary quantum mechanical 
effects come into play. In the b 3> Rs regime non linear effects due to the superposition of 
the gravitational fields of the two scatterers are small so one can work with linearized gravity. 
Moreover since the scattering is at small angle the amplitude can be calculated by using the 
eikonal approximation. The eikonal amplitude can be obtained in two equivalent wayf-3. In 
one approach what is calculated is the phase shift of the wave function of one particle when 
crossing the gravitational shockwave field created by the other particle &3. The other approach 
1110 consists in the direct resummation of the series of graviton exchange ladder diagrams 0. 
The eikonal approximation breaks down for impact parameters b ~ Rs, where the scattering 
angle becomes 0(1). No full calculation in this regime is available right now. A reasonable 
expectation is that for b < Rs the two particles, with most of their energy, collapse to form 
a black hole (BH). Heuristically, this is because at the moment the particles cross there is an 
amount of energy yfs localized within a radius b < Rs so that gravitational collapse should 
follow. More rigorously, following original unpublished work by Penrose on head-on collisions 
(b = 0), it has been recently proven Ej that for small enough impact parameter a marginally 
trapped surface forms at the overlap between the two gravitational Shockwaves. Then by the 
singularity theorems El a horizon should form. The study of 4-dimensional 6 = collisions 
shows that only a small fraction (~ 20%) of the original energy is radiated away in gravitational 
waves. It is reasonable to assume that the 4+n-dimensional case does not differ significatively. 
Based on this assumption the cross section for black-hole production is estimated on simple 
geometrical grounds to be obu ~ tt-R| where Rs is given in eq. (Q). Pending a full calculation, 
the phenomenological studies so far haveiust taken obh = ^R\, expecting that the correct 
result will not be much different (see ref. Ell for some criticism). 

If the large extra dimension scenario is realized in nature with Md ~ 1 TeV, then (maybe 
optimMk^dl^LHC with its 14 TeV cm. energy may start probing physics in the transolanckian 
regimc3'B3'C3'E§E3. Of course a machine with 0(100) TeV cm. energy like VHLC c3 would 
require less optimism. In the remaining part of the talk I will outline what are the signatures of 
gravitational elastic scattering and also, briefly, black- hole production at the LHC. The results 
can easily be generalized to higher energy machines. 

Consider elastic scattering first. Since the dynamical regime we are focusing on overlaps 
with the classical limit where the action S/U 3> 1, the amplitude is not given by a perturbative 
calculation. In other words, the classical limit implies exchange or emission of a large (infinite) 
number of graviton quanta, so we cannot do with a finite number of Feynman diagrams. In 
the forward region, however, this infinite set is consistently given by the series of ladder and 
crossed ladder diagrams. The result does not depend on the spin of the particles, since in the 
eikonal limit the particle line is taken on shell and the coupling to the graviton is simply given 
by (T^) 

— PuPv, where p is the incoming 4-momentum. In the forward region the momentum 
transfer q is basically given by the two-dimensional tranverse momentum q±: t = q 2 ~ — q 2 ^. The 
series of ladder diagrams nicely exponentiates. The resulting amplitude is more conveniently 



written by trading qj_ for its Fourier conjugate variable, the impact parameter 2-vector b, 



Aik = A Born (q 2 ± ) + ^i-ioop(gi) + ■ • • = ~2is J d 2 be^ b (e* - l) (6) 

X(b±) =yJ ^i e ~ iq ^ A ^m{ql). (7) 

x(b) is called the eikonal phase and e* x represents the amplitude in impact parameter space. 
Unitarity at small angle is thus manifestly satisfied. Notice that we work with a two-dimensional 
transferred momentum since the scattered particles live on a 3-brane. On the other hand the 
exchanged gravitons are D-dimensional. So the Born amplitude involves a sum over the n- 
momentum k± tranverse to the braneQ. This sum is known to be UV divergent for n > 2. These 
divergences can be parameterized at low energy by a set of contact interactions. Naively, they 
would give 5-function contributions localized at b = to x(b)- On physical grounds, however 
we expect these local divergences to be softened by the fundamental theory of gravity at some 
finite but small, impact parameter b ~ Xp (or, more likely, at b of the order of the string length 
A s ). These short-distance effects should plausibly give rise to O(Xp) corrections to the cross 
section, while, as we will see shortly, the long-distance eikonal amplitude gives a cross section 
that grows with a power of \/s, thus dominating at large energies. Then we only need to focus 
on the non-local calculable piece in ^Bom- For this purpose it is convenient to use dimensional 
regularization 
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Notice that by inserting this result for x m the integral in eq. (||) we obtain an ultraviolet 
finite result. This is so, even though the contributions to eq. (^) from the individual terms in 
the expansion e tx = 1 + i\ + • • ■ are ultraviolet divergent, corresponding to the fact that each 
individual Feynman diagram in the ladder expansion is ultraviolet divergent but the complete 
sum is finite. Moreover, since x ^ b~ n , the integrand in eq. (^) oscillates very rapidly as b — > 0, 
showing that the ultraviolet region gives but a small contribution to the amplitude. Replacing 
eq. (0) into eq. (JT|), the momentum space amplitude^! is written in terms of Meijer's G- functions. 

The length scale b c , as expected from the general discussion at the beginning, controls ordi- 
nary quantum mechanical effects. For b <C b c the eikonal phase is large and rapidly oscillating, 
corresponding to the classical limit. For b > b c the phase is small and quantum mechanics sets 
in. These two regimes are realized in momentum space as follows. For semi-hard momenta 

yfs 2> q S> b^ 1 the integral in eq. (§) is dominated by the stationary-phase value of the impact 

i 

parameter b s = b c (n/qb c ) n + 1 < b c . This is precisely the classical region. Here the concept of 
trajectory makes sense and the scattering angle is 

d X 2nT(n/2) Gp^s 

6cl -~dZ- (10) 



In the limit n — > 0, we recover the Einstein angle 9 C \ = AGp^/s/b while, for n > 0, eq. (|10| ) gives 
its higher-dimensional generalization (for the case in which also the sun moves at ultrarelativistic 
speed in the cm.!) 



In the soft region q < b~ 1 , the integral in eq. (JgJ) is dominated by b of the order of (or slightly 
smaller than) b c . This means that the eikonal phase x = (b c /b) n is of order one and the quantum 
nature of the scattering particles is important (although quantum gravity effects are negligible 
and the exchanged graviton is treated as a classical field). Moreover, notice that the relevant 
X never becomes much smaller than 1, and therefore we never enter the perturbative regime 
in which a loop expansion for the amplitude applies. Even though the interaction vanishes 
at b — > co (where x ~* 0), we never reach the Born limit. Even for q = 0, the scattering is 
dominated by b ~ b c and not by b = do, as opposed to the Coulomb case. This result follows 
from the different dimensionalities of the spaces on which the scattered particles and exchanged 
graviton live. It does not hold for the scattering of bulk particles. In that case the eikonal phase 
is unchanged, but the impact parameter vector b becomes (2 + n)-dimensional. In particular 
d 2 b — > d 2Jrn b in eq. (||) so that for q = 0, the integral is infrared dominated by large values 
of b and quadratically divergent (for any n). Indeed one finds A e ik{q — > 0) = A^om ~ b™/q 2 , 
encountering the Coulomb singularity characteristic of long-range forces. 

At the LHC, the observable of interest Js jet-jet production at small angle (close to beam) 
with large center-of-mass collision energy E3. The scattering amplitude is the same for any 
two partons. The total jet-jet cross-section is then obtained by summing over all possible 
permutations of initial state quarks and gluons, using the appropriate parton distribution weights 
and enforcing kinematic cuts applicable for the eikonal approximation. 

Defining s and t as Mandelstam variables of the parton-parton collision, we are interested 
in events that have \^§/Mj^ 3> 1 and —i/s <C 1. We can extract ^/s~ from the jet-jet invariant 
mass Mjj = yS, and i from the rapidity separation of the two jets —i/s = 1/(1 + e where 
At? = 771 — 772 = ln(l + cos#)/(l — cos 9) and 6 is the cm. scattering angle. The kinematical 
region of interest is defined by the equivalent statements 

A?? -> 00 6^0 <-> -> 0. (11) 

Since the partonic scattering probes a region of size b inside the protons, it is reasonable to 
evaluate the parton-distribution functions at the scale CP = 6~ 2 if q > b^ 1 and Q 2 = q 2 
otherwise (q 2 = — i)IH3. In the computations the CTEQ5t3 parton-distribution functions have 
been used. The SM di-jet cross section has been computed using Pythiail, ignoring higher- 
order QCD corrections. For simplicity the background is defined as the jet-jet cross-section 
from QCD with gravity couplings turned off, and the signal as the jet-jet cross-section from 
the eikonal gravity computation with QCD turned off. In reality, SM and gravity contributions 
would be simultaneosly present. However in the interesting kinematic region gravity dominates, 
so this simple approach is adequate. 

The di-jet differential cross section d(Xjj/d\ Ar/| is plotted in fig. || for n = 6, Mjj > 9 TeV and 
Mb = 1.5 TeV and 3 TeV. Similar plots for different n can be found in ref. @. Since the parton- 
distribution functions decrease rapidly at higher Mjj, the plot is dominated by events with 
Mjj ~ 9 TeV. Notice the peak structure at intermediate values of Ay, corresponding to impact 
parameters of order b c (evaluated at y/s = 9 TeV), i.e. to the transition region between classical 
and quantum mechanical scattering. These peaks represent the diffraction of waves scattered 
around b ~ b c . They are a characteristic feature of the higher-dimensional gravitational field 
which, while being of infinite range, behaves somewhat like a potential well of size b c . In the 
Coulomb case (n = 0), such a length scale does not exist and therefore no diffractive pattern is 
produced. 

Since the two jets are experimentally indistinguishable, I have used |Ar/|, instead of A77, as 
the appropriate kinematical variable to plot. This means that the experimental signal considered 
here contains also contributions from scattering with large and negative A77, which corresponds 
to partons colliding with large momentum transfer and retracing their path backwards. For the 




Figure 1: The di-jet differential cross section doa /d|Arj| from eikonal gravity for n = 6, Mjj > 9TeV, when both 
jets have \q\ < 5 and pr > lOOGeV, and for Md = 1.5TeV and 3TeV. The dashed line is the expected rate from 

QCD. 



background, these effects are calculable and taken into account. However, the theoretical esti- 
mate of the signal at negative Ar] lies outside the range of validity of the eikonal approximation. 
Indeed the region of 9 ~ ir corresponds to impact parameters ~ Rs- Its contribution to the 
differential cross section will be da/dt ~ wRg/s, i.e. parametrically smaller than the forward 
one da/dt ~ irb^.. Therefore it is expected to be negligible and can be safely ignored. 

As is evident from the figure the gravitational cross section is harder that the QCD one. 
This is because the latter is dominated by the forward Coulomb singularity, while the forward 
eikonal amplitude is finite. In the semi-hard region q > b~ l the gravitational cross section is also 
much bigger than the QCD one: as we discussed before, large cross sections at large energy and 
finite angle are a clear signal of gravitational interactions. This is because energy itself plays the 
role of charge in gravity. It is difficult to imagine some other physics that mimics this result. 

To get an idea of the sensitivity at LHC one can study the total integrated cross section using 
some illustrative cuts. To stay in the small angle region while beating the QCD background 
a reasonable choice is 3 < Ar/ < 4. The integrated cross section as a function of minimum 
jet-jet invariant mass is shown in fig. ^. This plot shows the important feature that the signal 
cross-section is flatter in Mjj than the background. This enables better signal to background for 
larger Mjj cuts, which is the preferred direction to go for the validity of the transplankian limit. 
Therefore, one should make the largest possible Mjj cut that still has a countable signal rate 
for a given luminosity. For an integrated luminosity of 30 fb -1 , corresponding to expectations 
for one year of running, the plot of fig. § shows that several hundreds to thousands of events 
can plausibly be expected. 

One can also study (see ref. @) the sensitivity reach at LHC considering the total integrated 
cross-section as a function of Md for Mjj > 3Md (optimistic) and Mjj > 6Md (more conserva- 
tive). One finds that in the two cases the reach for Md is respectively 3.5 and 1.8 TeV almost 
independent of n. 

imilar sensitivities are obtained for the more spectacular events with black-hole production 
As we said, here a full calculation is not available, but the order of magnitude estimate 
leads to a cross section for BH production at LHC which, for Md ;$ 3 TeV, can range from 10~ 2 
to 10 2 pb. With 301b- 1 per year, LHC could then see several hundreds (or even millions, if one 
is optimistic) of BH events. These objects happily decay very fast by Hawking radiation with a 
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Figure 2: Total integrated di-jet cross-section for 3 < |A?7| < 4, n = 6, and Mjj > Mjj ln , when both jets have 
\r)\ < 5 and pr > lOOGeV. Lines are plotted for Md = 1.5 and 3 TeV. The eikonal approximation is reliable only 
where Mjj /Md S> 1. The expected QCD rate is given by the dashed line. 



temperature Tjj = (n+ l)/(47ri?s). So one should not worry about their growing by eating up 
the detector! A simple estimates shows that in order to produce such environmentally dangerous 
BH's a cm. energy in excess of 10 19 GeV is needed. The black holes decay with comparable 
probability to any particle living either on the brane or in the bulkc3. If only gravity propagates 
in the bulk, then they will essentially decay on the brane as it hosts a large number (~ 100) of 
degrees of freedom. The lifetime of a BH with mass M is r ~ M z ^ 1 (M/M D )( 3+n )/( 1+n ) while 
the multiplicity of the decay products (mostly quarks and gluons giving rise to jets) scales like 
(M/M D )( 2+n )/( 1+n ). So at the LHC the multiplicity could be of order 10 -=- 100. As the parton 
distribution functions decrease rapidly at large x BH's of a given mass are most often produced 
with a small boost. So the characteristic of BH events is high multiplicity with high spherocity 
cB. A signal which has practically no background. 

Elastic scattering and BH production may also affect the physics of cosmic rays ill! (see 
also ref. 0). This is because they can lead to a significative enhancement of the cross section 
of cosmic ultra high energy neutrini with nucleons in the atmosphere. It is known that there 
should exist a cosmogenic neutrino flux, originated by the inelastic scattering of primary pro- 
tons on the cosmic microwave background. The cm. energy of the neutrino nucleon system is 
~ yj (E^/lO^GeV) TeV, which could well be in the transplanckian regime for the ultra-energetic 
neutrini with E v ~ 10 10 GeV. The Standard Model cross section dominated by W-boson ex- 
change is roughly given byO osm = 10 _5 (£'jy/10 10 GeV) - 363 mb. The production of BH and 
elastic gravitational scattering could lead to an enchancement of about 10 2 of the cross section. 
As a result one expects a similar enhancement in the rate of deeply penetrating horizontal show- 
ers. Future detectors with improved sensitivity may be able to detect such events US The 
eikonalized neutrino nucleon cross section at small angle could even become of the order of 1 mb. 
Such a large cross section starts being interesting if one wants to explain the vertical ultra GZK 
events as due to cosmic neutrini o. However the eikonal cross section is soft, corresponding to 
a very small energy transfer to the shower, so it cannot explain the ultra GZK events El. 

The above discussion neglects quantum gravity effects. On general grounds and by analytic- 
ity in the transferred momentum we expect the corrections to elastic scattering in the interesting 
region b ~ b c to be of order (Xp/b c ) 2 . Then by selecting events with Mjj > 6Md we expect 
0(5%) effects which is fairly good, while for Mjj > 3Mjj the effect can go up to 20%. However 



it is possible that at LHC the effects are bigger. First of all, transplanckianity at LHC requires 
Mfl < 2 — 3TeV. Such a low value is consistent with present direct bounds on Mo from di- 
rect graviton production. On the other hand one may in general expect other quantum gravity 
effects, and in particular contact 4-fermion interactions of dimension 6. The presence of these 
operators, given the bounds from LEP2, can push the lower bounded on Mp> to above ~ 4TeV, 
in which case LHC could not be considered a transplanckian machine. So our LHC study is truly 
based on the assumption that such dimension 6 terms are mildly suppressed. Indeed there are 
examples in this direction in string realizations of the braneworldu. A second remark precisely 
concerns the case in which string theory is the theory of quantum gravity. Then X s = 1/M S and 

Sot Xp controls the onset of quantum gravity effects. In perturbative string theory (for instance 
type I) we have (Ap/A s ) 2+ ™ = itgl < 1. Here g s is the string coupling which is related to the 
gauge coupling by g s ~ 2a. We can assume such a relation to work qualitatively in the realistic 
case with a taken to be some average between a.i and a^. Then we expect a separation A s > Xp 
which means less separation between b c and A s and bigger quantum gravity effects. The previous 
naive estimate of quantum gravity effects is enhanced by a factor (l/4-7ra 2 ) 2//n . Taking a ~ 0.1 
we find that for n = 2 string effects could be 100% while for n = 6 they may conceivably be less 
than 20%. Of course we do not want to take these estimates too seriously, as we truly need a 
full braneworld model to calculate them. Else we should wait LHC and see first of all if there 
is a signal and then decide how well it is explained by transplanckian scattering. Physically 
we expect string effects to suppress scattering at large anglesli^, i.e. angles 6 corresponding to 
impact parameters b < X s . So in the plot of fig. || the cross section at lower rapidity would be 
depleted. Anyway, even if quantum effects at LHC will be large, it is important to have clear 
what the features of the asymptotic transplanckian regime are as they provide a benchmark 
with which to compare the data. Notice, in this respect that elastic scattering is better off 
than black-hole production, since b c oc s l l n is parametrically bigger (grows faster with s) than 
R s ~ s 1 /( 2rt + 2 ). If TeV gravity is truly realized in nature then VLHCcZl, whose center-of-mass 
energy for proton-proton collisions is envisaged between 50 TeV and 200 TeV, would probably 
be a better place to study transplanckian effects. For instance, by assuming -y/s = 100 TeV, 
M s = 3 TeV and choosing an "average" value a = 0.05 one finds that string effects parameter- 
ized by A 2 /6 2 are of order 5%. On the other hand, for the same choice of parameters, one finds 
that the parameter X^/R 2 S controlling string corrections to black-hole production is still of order 
1 for n = 2 and ~ 20% for n = 6. So it is possible that even at VLHC the production of black 
holes is more appropriately replaced by the production of string balls H. 

In summary, transplanckian scattering offers a model independent test of theories with a low 
gravity scale. The main processes are black-hole production and elastic scattering. The elastic 
cross section is parametrically larger than the one for black holes and moreover can be nicely 
calculated in the forward region. At the moment the black-hole production cross section can 
only be estimated by dimensional analysis. The observation of a cross section at finite angle 
growing with a power of s would be a clean signal that the high-energy dynamics of gravity has 
been detected. If we are lucky and Mp> is low enough, then these signals may already show up at 
the LHC. Otherwise the discovery modes at LHC are graviton emission, showing up as jet plus 
missing energy (roughly 13 for 4 TeV < Mp, < 8 TeV), or the production of Regge excitations @. 
Anyway if low scale gravity is discovered at LHC, transplanckian scattering will very likely be 
studied at the VLHC. 
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